Hejazian M., Lotfalian M., Mohammadi Limaei S. (2018): Estimating the economic life of forest machinery using the cumulative cost model and cost minimization model in Iranian Caspian forests. J. For. Sci., This study was conducted in order to estimate the economic life of two models of rubber-tired skidders, namely Timberjack 450C and HSM 904, in Iranian Caspian forests. The total annual costs and average cumulative cost of skidders were calculated by life-cycle costing analysis. The economic life of the machines was estimated by both the cumulative cost model and cost minimization model. The results indicated that the economic life of Timberjack 450C and HSM 904 is 7,700 h (at the end of the 11 th year) and 15,300 h (at the end of the 17 th year), respectively, using the cost minimization model. Furthermore, the results indicated that the economic life of Timberjack 450C and HSM 904 is 9,100 h (at the end of the 13 th year) and 11,900 h (at the end of the 21 st year), respectively, using the cumulative cost model. The cumulative cost model estimated the economic life of skidders longer than the cost minimization model.
The correct and economical use of machinery is one of the most important aims of the forest machinery management. Both the purchase and utilization of the machinery involve huge investments in forest logging. Equipment will eventually wear out, so the need for reliable and dependable operations should compel forestry contractors to follow the proper equipment replacement strategies (Cantú, LeBel 2010) . In the replacement strategies, the primary function of contractors is to replace the right equipment at the right time and with the lowest overall cost (Fan et al. 2011 ). The replacement is performed by the different goals when one of the most important goals is the economic goal: reducing costs and increasing revenues. In fact, based on the desire to minimize costs, as soon as a machine reaches a certain age, it can be more costeffective to replace it with a new machine. Hence, how and when the equipment is replaced can mean a difference of thousands of dollars in the annual costs. Furthermore, the return of investment is maximized when replacement occurs at the optimal economic life of the equipment (Mellal et al. 2013; Fallahnezhad et al. 2014; Hernández Gress et al. 2014; Zvipore et al. 2015) .
Generally, the optimum replacement life can be mathematically defined in three different ways: physical life, profit life and economic life as follows (Gransberg, O'Connor 2015) : (i) Physical life: the physical life of equipment is identified as the service life. This time period ends when the equipment can no longer be operated (Hunt, Wilson 2016) . The physical life of an asset will always be greater than the economic life of an asset because the asset first fails economically and then it becomes physically useless; (ii) Profit life: the profit life is the time period where the equipment generates a profit (Gransberg et al. 2006 ); (iii) Economic life: it is defined as the age that minimizes the average ownership and operating costs (Mitchell et al. 2010; Fan et al. 2011; Rahimdel et al. 2013; Zvipore et al. 2015) . The replacement age for a machine that is placed on the economic life arrives before the fundamental breakdowns resulted in worn-out and technological disabling. Life-cycle costing (LCC). LCC analysis is used as one component of the equipment fleet management process. LCC is a concept originally developed by the U.S. Department of Defense in the early 1960s to increase the effectiveness of government procurement (Barringer, Weber 1996) . It allows the fleet manager to make the equipment repair, replacement, and retention decisions on the basis of the equipment's economic life. Life-cycle costs have two components: ownership and operating costs. Ownership and operational costs are calculated using the recorded data and some costing methods such as the FAO method. Also operating costs are predictable in the future years using a mathematical model. An accurate prediction model is critical to the different decisions on the equipment management, such as allocation, repair, replacement and retirement because equipment maintenance costs constitute a major fraction of the total life cycle cost of a piece of equipment (Yip et al. 2014) .
Replacement analysis. Replacement analysis is a tool with which equipment owners time the equipment replacement decision. Some owners replace the old machine by an intuitive method that perhaps is the most well-known approach to making replacement decisions due to its simplicity and reliance on individual judgment. This method mainly depends on a professional judgment or an apparent feeling of correctness to make replacement decisions that is not a scientific approach (Douglas 1978) .
Cost minimization model (CMM) and cumulative cost model (CCM) can be considered as the two most important scientific methods in replacement analysis (Roohani, Masoudi 2014) .
According to the CMM, the economic life is the cumulative operating hours in which the annual cost reaches the minimum amount and then starts to increase. In other words, the minimum point of the annual cost curve is considered as the economic life of the machine (Khoubbakht et al. 2010) . According to the CCM, the optimal time to replace a machine is that year where the average cumulative cost is minimized. The average cumulative cost can be calculated using Eq. 1:
where: A cc -average cumulative cost, C op -cumulative operating cost, C ow -cumulative ownership cost, C oh -cumulative operating hours.
All machine replacement models found in literature are formulated from the economic analyses. They were originally based on cost estimations to forecast cumulative hourly costs (Cantú, LeBel 2010) . Bonhomme and LeBel (2003) carried out a financial analysis of 20 forestry contractors based on cost data. Their results show that forestry contractors who replace machines more often have low repair, maintenance, fuel, and lubricant costs, but at the same time high capital costs. Khoubbakht et al. (2010) conducted a study in Iran to determine the economic life of the MF285 tractor. The economic life of the tractor, 18,316 h was predicted. Roohani and Masoudi (2014) indicated that the economic life of the tractor using the CCM and CMM model is 29,025 and 27,778 h, respectively.
Various machines have been purchased by forestry companies in Caspian forests which often retire at the end of their physical life. Generally, Timberjack 450C and HSM 904 are the most commonly used skidders in this area. Despite recorded costs and the existence of data on the cost of skidders, there has not been a study on the economic life of machines based on scientific methods. In the present study, we aimed to estimate the economic life of these skidders in Caspian forests and compare the estimated life using the CMM and CCM approaches. Moreover, this study presents the best time to replace and solve the equipment replacement optimization problem of contactors by the economic life model and examining the total cost of these machines.
MATERIAL AND METHODS
Site of study. This study was carried out in Caspian forests in the north of Iran. Caspian forests are located between the Caspian Sea and the Alborz Mountain Range. A ground-based skidding system using wheeled skidders appeared in the early 1970s and nowadays it is still the most widely used method (Mohammadi Limaei, Naghdi 2009). Required data were obtained from Nekachoub and Mazandaran Pulp and Paper Industries (MWPI) that are regarded as the two biggest forestry contractors in the north of Iran. Nekachoub used Timberjack 450C (Timberjack, Canada) ( Fig. 1a) and MWPI used HSM 904 (HSM, Germany) (Fig. 1b) to transport the timber to the landings (Table 1) .
According to the LCC analysis, costs of skidders were calculated using Eq. 2. Ownership costs included initial costs, depreciation, insurance, taxes, parking, and investment cost (Peurifoy, Schexnayder 2002; Gransberg, O'Connor 2015) . Operating costs included the repair and maintenance, tire, fuel, labour, and any other consumable equipment cost (Gransberg et al. 2006; Gransberg, O'Connor 2015) :
where: LCC fm -life cycle cost of forest machine,
A declining balance method was used to calculate depreciation for the skidders. This method belongs to more sophisticated techniques which recognize the changing rate of value loss over time. This technique results in greater depreciation in the early years of the asset life and smaller depreciation in the later years of the asset life. Eqs 3-5 express these relationships:
where: D n -depreciation for n year, RV n-1 -remaining value for n -1 year, RV n -remaining value for n year, P -initial purchase, r -ratio of depreciation.
Interest or investment cost represented the annual cost of capital invested in a machine. In other words, it is equal to the rate of return on investment. It is a function of real interest rate and remaining value of the machine. In this study, the real interest rate was calculated at 10% (based on the Central Bank of the Islamic Republic of Iran da- tabase). Investment interest was calculated using Eq. 6 (Khoubbakht et al. 2008) as follows:
where: I n -interest on investment in n th year, RV n -remaining value of machine in n th year, I r -real interest rate.
Equipment owners often have one or more insurance policies to cover the cost of any loss due to fire, theft, or other damage. Insurance costs data were collected from insurance companies. Nekachoub and MWPI are exempted from tax by the government and they do not pay for parking as there are free parking spaces. Therefore, these kinds of costs are ignored at this study.
Maintenance and repair included everything from simple maintenance items to the periodic overhaul of engine, transmission, clutch, brakes, and other major equipment components (Akay, Session 2004) . The repair cost is dependent on the use of equipment, operating conditions and maintenance standards (Bayzid et al. 2016) . The hourly maintenance and repair costs of skidders were estimated as 50% of hourly depreciation. Tire costs were estimated using the tire life and 4,000 h was considered (FAO 1992) .
The fuel consumption rate for a piece of equipment depends on the engine size, load factor, the condition of the equipment, operator's habit, environmental conditions, and the basic design of equipment (Ackerman et al. 2015) . To calculate the fuel cost per hour, the total fuel cost is divided by the operating hours of the machine.
The time value of money is the idea that money available at the present time is worth more than the same amount in the future due to its potential earning capacity. The provided money can earn interest, any amount of money is worth more the sooner it is received. We took into account the time value of money using Eq. 7 (Oskounejad 2015) :
where: FV -future value, OA -original amount, IR -interest rate, n p -number of period.
Generally, annual operation hours of skidders for Nekachoub and MWPI are 700 h.
In order to determine the best model for predicting the operating costs for future years, several linear and nonlinear mathematical models were used. The models can be described by Eqs 8 (linear), 9 (logarithmic), 10 (exponential), and 11 (power) as follows:
where: Y -dependent variable (cumulative operating cost), a, b -parameter values that will be estimated by regression analysis, x -independent variable (cumulative operating hours).
SPSS (Version 17, 2008) as a statistical package was used for the statistical analysis of data. The best model procedure was selected by identifying the highest R 2 value for predicting the skidder operating cost. Tables 2 and 3 illustrate the operating hours and the calculated costs for Timberjack 450C and HSM 904, respectively. The data shown in these tables were used to analyse and determine the operating cost model.
RESULTS AND DISCUSSION
First of all, depreciation cost tended to be great but it declines over time. Likewise, the interest cost is high initially but it gradually diminishes. In contrast, the operating cost could be low or zero when a machine is still under warranty, eventually it increases as parts wear out and maintenance repairs rise. The first year's costs of the machines were high because of the very real marketplace depreciation obtained from the estimated value method.
As shown in Figs 2a and b, the total cost of Timberjack declines from the 1 st year and then reaches the lowest amount in the 11 th year after rising. Based on the CMM, the 11 th year is the replacement time of Timberjack and the cumulative operating hours are 7,700 h. The total cost of HSM continues to decline and the contractor can keep it as shown in Tables 2 and 3 by K (keep) and R (replace). The cumulative operating and ownership costs and the cumulative costs (total cost) and the average cumulative costs of the skidders are shown in Table 4 . The average cumulative costs of Timberjack drop to the lowest value in the 13 th year and then begin to rise as depicted in Fig. 3a . According to the CCM method, the economic life of Timberjack 450C is 13 years and the operating hours would be 9,100 h. The average cumulative costs of HSM 904 are declining and have not reached the lowest value yet. Therefore, the total costs and the average cumulative costs of HSM 904 were predict- parts and repairman wages in Iran. The contractor can overhaul the skidders by paying a small amount of money. Furthermore, Nekachoub does not pay the fine for the wood transport delay due to the machine downtime and can spend much time to repair the skidder. They tend to use the machine until the end of physical life when the equipment can no longer be operated. According to the CCM and CMM method, the economic life of HSM 904 would end two years and six years later, respectively. In this case like Timberjack, the CCM method estimated the economic life longer than the CMM. It means that according to the economic principles the contractor can use it for the next six years. Moreover, with respect to the longer economic life, HSM 904 would be better choice for the forestry contractors in Iran. A power model was suggested as the final form of the operating cost model for HSM 904 that corresponded with the models developed by Karimi et al. (2012) and Roohani and Masoudi (2014) . The power model gave better cost prediction with higher confidence and less variation than the other models because of easiness in calculations and the high correlation coefficients.
CONCLUSIONS
The results of this study indicated that the replacement decisions were based on an intuitive method in the north of Iran. In other words, they were based on a professional judgment or an apparent feeling of correctness. It is not considered as a scientific method and forestry contractors should conduct operations with using methods such as CMM and CCM that could help them to manage the machine replacement efficiently. In addition, investigation of alternatives to select a new machine can be regarded as an important point in replacement decision making. In other words, other studies should be conducted to assess new productions in global markets to introduce new machines adopted by local environmental and economic conditions. Y -cumulative operating cost, x -cumulative operating hours, **significant at the 0.05 level ed for the future to estimate when they reach the lowest value. The operating cost for HSM 904 skidder was predicted by a power model that was selected from among different models. Table 5 shows the relationship between the cumulative operating cost and the cumulative operating hours based on exponential, linear, logarithmic and power regression models for HSM 904. It was observed that the highest value of the correlation coefficient between the presented models was related to the power model with R 2 = 0.89. Using the power model, cumulative operational costs were calculated for the next 10 years, for example x = 14,000 (Eq. 12): 
In addition, the ownership costs and total costs were calculated. According to the CMM, the end of the 17 th year or operating hours of 15,300 h are the time to replace with the new one because the total cost reached the lowest value.
The average cumulative cost graph for HSM 904 is shown in Fig. 3b . The graph shows that according to the CCM model, the economic life of this machine will end after 21 years or 14,700 operating hours.
The depreciation cost and investment interest are regarded as a function of the salvage value. As the machine usage increased, the machine's salvage value was reduced, so the depreciation cost and investment interest as well as the total cost of ownership would decrease over time. The ownership costs annually decreased and there was no direct relationship between this type of costs and the usage rate during the machine life. The operating cost increased annually because the repair costs were low early in the life of the machine, but they increased rapidly as the machine accumulated more hours of operation. In the present study, the CCM method estimated the economic life of the skidders longer than the CMM method, which was in line with the results of Roohani and Masoudi (2014) . The results produced by both methods indicated that the economic life of Timberjack 450C is over whereas the contractor tends to continue using it. So, for this machine the CCM method was more in line with contractor's expectation. Moreover, the estimated economic life of Timberjack 450C was longer than the useful life reported by FAO (10 years or 10,000 h). It is shown that there was a difference between the economic life of Timberjack and its true and operational function. The main reason can be due to the cheap spare
